Data are conflicting regarding the optimal cutoffs of B-type natriuretic peptide (BNP) and N-terminal pro-B-type natriuretic peptide (NT-proBNP) to predict short-term mortality in patients with sepsis. We conducted a comprehensive search of several databases (MEDLINE, EMBASE, Cochrane Central Register of Controlled Trials, Cochrane Database of Systematic Reviews, and Scopus) for English-language reports of studies evaluating adult patients with sepsis, severe sepsis, and septic shock with BNP/NT-proBNP levels and short-term mortality (intensive care unit, in-hospital, 28-day, or 30-day) published from January 1, 2000, to September 5, 2017. The average values in survivors and nonsurvivors were used to estimate the receiver operating characteristic curve (ROC) using a parametric regression model. Thirty-five observational studies (3508 patients) were included (median age, 51-75 years; 12%-74% males; cumulative mortality, 34.2%). A BNP of 622 pg/mL had the greatest discrimination for mortality (sensitivity, . In prespecified subgroup analyses, identified BNP/NT-proBNP cutoffs had higher discrimination if specimens were obtained 24 hours or less after admission, in patients with severe sepsis/ septic shock, in patients enrolled after 2010, and in studies performed in the United States and Europe. There was inconsistent adjustment for renal function. In this hypothesis-generating analysis, BNP and NTproBNP cutoffs of 622 pg/mL and 4000 pg/mL optimally predicted short-term mortality in patients with sepsis. The applicability of these results is limited by the heterogeneity of included patient populations. 
S epsis continues to be a leading cause of mortality and morbidity in the United States and accounts for nearly $17 billion in annual health care expenditure. 1 Sepsis is associated with multiorgan dysfunction, prominent among which are injury and dysfunction of the cardiovascular and renal systems. 2, 3 Cardiac dysfunction in patients with sepsis can manifest as a combination of circulatory failure, septic cardiomyopathy, and myocardial injury and refractory shock. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] With the development of sensitive laboratory technology, there is a renewed interest in the use of biomarkers for early and targeted treatment of cardiac dysfunction in patients with sepsis and septic shock. 1 Cardiac biomarkers, such as cardiac troponin T, troponin I, B-type natriuretic peptide (BNP), and N-terminal pro-BNP (NT-proBNP), have been studied previously in patients with sepsis and septic shock. 14, 15 Prior studies have associated cardiac troponins with the degree of myocardial injury, hypotension, cardiomyopathy, and extent of vasopressor support. 1, 16 We previously reported that admission troponin T, but not serial troponin T, levels have been associated with in-hospital and long-term mortality in patients with sepsis. 1 In a 2013 meta-analysis evaluating troponins, Bessière et al 14 documented that troponin levels correlated with shock severity and short-term and long-term mortality.
B-type natriuretic peptide is synthesized as a precursor protein (proBNP) in response to increased myocardial wall stress due to volume or pressure overload. Most of it is subsequently cleaved into active peptide BNP 1-32 and biologically inert NT-proBNP. 17 Typically, NTproBNP levels are higher than BNP levels. 17, 18 A 2012 meta-analysis found BNP as a predictor of mortality in patients with sepsis with pooled sensitivity and specificity of 79% and 60%; there was significant heterogeneity (I 2 ¼64%) among the evaluated studies. 15 In this systematic analysis, BNP assays, clinical end points, and vasopressor use varied markedly among the enrolled studies. 15 In other critically ill patients with pulmonary embolism, chronic obstructive pulmonary disease, and congestive heart failure, BNP has been strongly associated with clinical outcomes and has been incorporated into risk stratification. [19] [20] [21] In patients with sepsis, however, there are conflicting data on the role of BNP/NT-proBNP as a risk-stratification and prognostication tool. Some investigators have considered BNP as a marker of severity, whereas others have reported it as an independent prognostic test. In light of the multiple recent studies with contrasting results, we sought to undertake a systematic review and meta-analysis of natriuretic peptide levels in the prognostication of patients with sepsis and septic shock. [22] [23] [24] [25] [26] [27] [28] [29] These discrepant results may be partly due to the heterogeneity of sepsis, differences in timing of BNP measurement, types of assays used, small sample sizes, and lack of control for septic cardiomyopathy. 5, 8, 18, 30 The primary outcome was to develop a summative value of BNP and NT-proBNP that is associated with mortality in this population. The search strategy was designed and conducted by a medical librarian with input from the authors. Controlled vocabulary supplemented with keywords was used to search for mortality prediction in patients with sepsis using BNP or NT-proBNP in adults (Supplemental Appendix 1, available online at http://mcpiqojournal.org). The abstracts were screened by 2 independent reviewers (Saarwaani Vallabhajosyula, Shashaank Vallabhajosyula). All references of included studies were evaluated for additional studies. Study inclusion was based on the consensus of the 2 reviewers. A third independent reviewer (P.R.S.) served as the referee in cases of disagreement between the first 2 reviewers. The search strategy and reporting were performed following the Strengthening the Reporting of Observational Studies in Epidemiology guidelines. 31 This protocol has not been registered previously in available systematic review databases. Corresponding authors of included studies were not contacted for patient-level data, and all analyses performed in this study were based on the summative publicly available data. A subsequent updated search was performed between September 5, 2017, and June 25, 2019, and the results are presented in Supplemental Appendix 2 and Supplemental Table 1 (available online at http://mcpiqojournal.org). These studies were not included in the final meta-analysis for this study.
PATIENTS AND METHODS

Data
English-language studies evaluating adult patients (>18 years) with sepsis, severe sepsis, or septic shock defined using either the 2001 International Sepsis Definitions 32 or Sepsis-3
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(Third International Consensus Definitions for Sepsis and Septic Shock) 33 criteria were included. Human studies of case-control, cohort, and randomized trial study designs were included. Short-term mortality was defined as intensive care unit mortality, inhospital mortality, 28-day mortality, or 30-day mortality. In studies evaluating unselected critically ill patients, only studies for which a 2 Â 2 table could be constructed between BNP/NT-proBNP levels and mortality were included. Abstracts that were not published in full text were excluded. Studies designed as case reports/series, systematic or narrative reviews, pediatric or animal studies, and studies without relevant outcomes were excluded. If multiple studies were published by the same group of authors over the same study duration, only a single study with relevant outcomes was included. Data abstracted included study year, population, location, type of study, comorbidities, and clinical outcomes. The clinical outcome of interest was BNP/NT-proBNP level that was associated with mortality.
Evidence Synthesis
The methodological quality of the included studies was assessed using the NewcastleOttawa Scale for nonrandomized studies by 2 independent reviewers (Saarwaani Vallabhajosyula, Shashaank Vallabhajosyula) (Supplemental Table 2 , available online at http://mcpiqojournal.org) (Cohen k statistic for agreement between reviewers, 0.82). 34 This scale involves evaluation based on 3 areas: (1) selection of the study groups, (2) comparability among groups, and (3) the assessment of outcome between the groups. We extracted or calculated the average values of BNP and NT-proBNP tests for those who survived and those who died. We then estimated the receiver operating characteristic curve (ROC) using the parametric ROC 35 Each study was weighted by the number of patients. We used the area under the ROC (AUROC) as a measure of test performance for mortality prediction. Optimal sensitivity (Sn) and specificity (Sp) and corresponding cutoffs were estimated using the Youden index. 36 Multiple subgroup analyses were performed to confirm the primary findings and to understand the predictive capacity of BNP/NT-proBNP. Subgroups were stratified by timing of BNP/NT-proBNP measurement ( 24 hours/>24 hours after hospital admission), study era ( 2010/>2010), studies performed in the United States and Europe vs other countries, and studies evaluating all types of sepsis vs only severe sepsis and septic shock. All statistical analyses were conducted using Stata statistical software, version 15.1 (StataCorp).
RESULTS
A total of 452 unique studies were identified by the initial search strategy. Abstracts and subsequently full texts of selected articles were screened, and 35 studies, with a total of 3508 patients, were selected for data extraction ( Figure 1 ). All the studies were of moderate methodological quality. Detailed study characteristics and populations are highlighted in Table 1 . 24, 25, 27, 28, All except 2 studies were prospective observational studies, and only 2 studies were conducted at multiple sites. Three studies were conducted in the emergency department, while the rest were conducted in intensive care units. All studies used the 2001 definition for sepsis and septic shock and used varying inclusion and exclusion criteria as detailed in Table 1. 32 Concomitant heart failure, cor pulmonale, valvular heart disease, acute coronary syndrome, intracranial hemorrhage, and chronic kidney disease were the most common reasons for exclusion of patients across the 36 studies. The median age across the studies varied from 51 to 75 years, and 12% to 74% of patients were male. Most studies measured BNP/NT-proBNP at emergency department or intensive care unit admission or within the first 24 hours after admission (Table 2) .
Absolute mortality rate was not reported in one study. 42 Cumulative short-term mortality was 34.2% (1188/3471) in the 35 studies Table 3 . As noted in Table 3 , studies reported varying cutoffs of BNP/NTproBNP in estimating mortality in patients with sepsis and septic shock. These cutoffs had varying AUROCs of 0.62 to 0.99 in the studies that reported these statistics. Using the parametric ROC regression model, we estimated the AUROC for BNP and NT-proBNP individually (Figures 2A and B) . A BNP value of 622 pg/mL (to convert to ng/L, multiply by 1.0) had the greatest discrimination for short-term mortality prediction in patients with sepsisdSn, 0. 
DISCUSSION
In this systematic review and meta-analysis of 36 studies and 3508 patients, we noted that (1) sepsis continues to be associated with a high mortality of 34.2%, (2) BNP and NTproBNP are frequently elevated in patients with sepsis and are prognostic in this population, and (3) optimal cutoffs for BNP and NT-proBNP were calculated at 622 pg/mL and 4000 pg/mL for prediction of short-term mortality in patients with sepsis and septic shock. In prespecified subgroup analyses, identified BNP/NT-proBNP cutoffs had higher discrimination if specimens were obtained 24 hours or less after admission, in patients with severe sepsis/septic shock, in patients enrolled after 2010, and in studies performed in the United States and Europe. The release of BNP and NT-proBNP in patients with sepsis is stimulated by myocytic stretch with ventricular dysfunction and proinflammatory molecules such as lipopolysaccharide, interleukin 1, C-reactive protein, and cardiotrophin 1 promoting BNP gene expression and release. 37, 45, 48 Additionally, concomitant renal failure and processes of care such as catecholamine infusions and volume resuscitation lead to an elevation in BNP/ NT-proBNP levels independent of ventricular function.
2 Importantly, the timing of BNP release and therefore the optimal timing of measurement in this critically ill population remains debatable. As noted in this metaanalysis, there was wide variation in the timing of BNP measurement. Most studies measured it at admission or within the first 24 hours, which is reflective of contemporary clinical practice. It is important to note that in patients with sepsis, adequate fluid resuscitation and hemodynamic restoration can result in unmasking of left ventricular systolic dysfunction as manifested by a decrease in ejection fraction within the first 72 hours. 4 Serial BNP testing may have greater clinical utility in prognostication for patients with sepsis than a 1-time measurement. Papanikolou et al 44 recently reported that a persistently elevated BNP level of greater than 500 pg/mL was a better predictor of 28-day mortality than isolated BNP values. Inability to reduce BNP to less than 500 pg/mL predicted 28-day mortality with an AUROC of 0.74 (95% CI, 0.55-0.93; P¼.03). 44 In our metaanalysis, we were unable to assess the utility of serial BNP testing in mortality prediction because of high heterogeneity in the timing and frequency of sampling.
The use of natriuretic peptides to evaluate cardiac function in patients with sepsis has been studied extensively in multiple studies, including studies included in this metaanalysis. However, the evaluation of cardiac function with BNP has to be balanced against the potential confounding from respiratory pathology and renal failure. Pulmonary pathology such as acute respiratory distress syndrome and chronic obstructive pulmonary disease and interventions such as mechanical ventilation influence the BNP levels in this population. 21, 30 As noted in this metaanalysis, studies variably exclude preexisting chronic kidney disease and inconsistently adjust for acute kidney injury in their analyses. In patients with sepsis, studies have found conflicting results regarding correlations between BNP and serum creatinine levels. 25, 69 In an updated search incorporating studies from 2017-2019, there were no changes in the profile or outcome prediction using BNP/ NT-proBNP. Further studies are needed to develop clinically relevant BNP cutoffs stratified by renal function in patients with sepsis to more usefully define ranges of BNP in these patients. Lastly, BNP/NT-proBNP needs to be contextualized to age and sex. Cutoffs based on age and sex have been suggested in primary care patients and heart failure populations but have not been validated in patients with sepsis at the current time. 70 It is important to note that unlike in patients with heart failure, there are no current cutoffs for BNP/NT-proBNP in patients with sepsis. Using a large sepsis population, we were able to develop cutoffs for mortality prediction in this population. It is important that biomarkers be considered in prognosticating modeling and early prediction of outcomes. A combination of early measurement of cardiac biomarkers has been postulated to differentiate Takotsubo cardiomyopathy from acute myocardial infarction. 71 Similar paradigms might be useful in predicting the extent of reversible myocardial dysfunction and long-term risk for heart failure in patients with sepsis and septic cardiomyopathy. 4 Furthermore, the use of cardiac biomarkers in risk scoring systems is worthy of further study. Khoury et al 72 found the BNP level at admission to be more predictive of short-term mortality than the Sequential Organ Failure Assessment score. In contrast, Ryoo et al 46 reported that the combination of BNP with the Sequential Organ Failure Assessment score resulted in better prognostication in patients with sepsis than either method alone. The use of cardiac biomarkers, including BNP/NT-proBNP, may be of incremental benefit in improving the accuracy of cardiovascular dysfunction in this population that may aid in personalized therapies for sepsis. 6, 73 The BNP and NT-proBNP levels of 622 pg/mL and 4000 pg/mL noted in our study need further validation in carefully designed prospective studies. Given the subgroup analyses performed in our study, inclusion of pertinent enriched populations might aid in development of studies with a pragmatic sample size.
This study has important limitations. The selection of all types of sepsis can cause substantial heterogeneity in the assessment of clinical outcomes. Importantly, sepsis and septic shock may be fundamentally different in their etiology and clinical course. Furthermore, most studies did not systematically evaluate cardiac dysfunction. As we have reported previously, cardiac dysfunction and injury as measured by echocardiography or cardiac troponin T levels are associated with worse outcomes. 1, [3] [4] [5] 7, 9 Fluid balance, prior heart failure, use of inotropic medications, and acute septic cardiomyopathy are closely associated with BNP release, and age, sex, and renal function are associated with varying BNP degradation. 74 However, these factors were not systematically assessed in the individual studies included in our analyses, limiting the generalizability of our findings. Our study consisted primarily of observational studies, which have their own limitations. Observational studies are prone to confounding by indication and heterogeneity. This meta-analysis was performed in a studylevel population, and thus, despite best attempts, crucial differences in patient characteristics across studies may have contributed to the results we observed. In addition, it is clear that natriuretic peptide assays vary substantially in their dynamic ranges. Thus, different assays may provide different numerical results in studies. Unfortunately, the data did not allow us to separate out those studies. It is clear, for this reason alone but likely for others as well, that a heterogeneity analysis would not have been productive. 17, 75 Finally, this study evaluated short-term mortality only, with limited insight into long-term survival and functional recovery, both of which remain a challenge in patients with sepsis and cardiac dysfunction. 4 
CONCLUSION
In this hypothesis-generating meta-analysis of 3508 patients, BNP and NT-proBNP levels of 622 pg/mL and 4000 pg/mL were noted to predict short-term mortality with an AUROC of 0.766 and 0.787, respectively. Further dedicated research into the incorporation of these biomarkers into prognostic models and structured evaluation of cardiovascular dysfunction in patients with sepsis are needed to understand the clinical implications of these findings.
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